Introduction {#s0005}
============

Environmental exposure to chemicals such as polycyclic aromatic hydrocarbons, 4-vinylcyclohexene (VCH) and 7,12-dimethylbenz\[a\]anthracene have long been of toxicological concerns because they are potential inducers of early ovarian failure (menopause) in women [@bib1; @bib2; @bib3]. Recently, attention has been focused by the European Chemicals Agency on VCH, which is a dimer of 1,3-butadiene, produced during the process of tire curing. It is also formed as a by-product during the manufacture of plastics, pesticides, rubber and flame-retardants [@bib4; @bib5]. 4-Vinylcyclohexene 1,2-monoepoxide (VCM), is the first metabolite formed by the epoxidation of VCH in the liver by the enzyme cytochrome P450 isoform 2A (CYP 2A). Thereafter, VCM is further metabolized by CYP2B to form the diepoxide form, VCD. The metabolism of VCD involves bioactivation to form inactive tetrol metabolite \[4-(1,2-dihydroxy)ethyl-1,2-dihydroxycyclohexane\] with the aid of microsomal epoxide hydrolase (mEH) that is expressed in multiple tissues [@bib6]. Additionally, GST can conjugate VCD with GSH to yield VCD--SG conjugates [@bib7] ([Scheme 1](#f0045){ref-type="fig"}).

Toxicological studies on VCH and its metabolites, VCM and VCD, revealed that they can cause pre-antral follicle loss in rats and mice, by accelerating the natural apoptotic process of atresia [@bib8]. For instance, VCM has been implicated in germ cell destruction in female mice and rats [@bib9]. In the industry, VCD is manufactured through a process of epoxidation of 4-vinylcyclohexene with peroxyacetic acid in an inert solvent [@bib10]. The demand for VCD is high, because it provides commercial outlet for VCH [@bib11], and it is used as a reactive diluent for other diepoxides and epoxy resins derived from epichlorohydrin and bisphenol A [@bib12]. Exposure to VCD may occur when it is being manufactured. People may also get exposed to VCD during the production and use of VCH, epoxy-based polyglycols and resins. In addition, laboratory workers may be exposed during embedding of biological tissues using epoxy polymer for electron microscopy [@bib13; @bib14]. Indeed, between 1981 and 1983, about 6200 employees were exposed to a product contaminated with VCD [@bib15]. VCD is presently being used as a model of ovotoxicity due to its capacity to selectively destroy primordial and small primary follicles in ovaries of mice and rats [@bib16; @bib17].

Substantial evidence indicates that environmental toxicants can induce oxidative stress by altering cellular redox balance, and the activities of antioxidant enzymes such as catalase and GST, leading to excessive production of free radicals [@bib18]. In turn, free radicals can damage lipids, proteins, carbohydrates and nucleic acids, thereby, inhibiting their normal functions [@bib19]. Consequently, a myriad of enzymatic and nonenzymatic antioxidant systems regulate the redox state of the cells. For instance, glutathione (GSH) is a cysteine-containing tripeptide responsible for scavenging free radicals through either direct chemical reactions or reduction of peroxides as a cofactor for glutathione peroxidases [@bib20]. In addition, the activity of glutathione reductase, which requires NADPH as an energy source, ensures that most GSH is present in cells in the reduced form. Furthermore, glutathione-S-transferases (GSTs), a large family of enzymes that covalently link reactive chemicals with GSH, aid in the detoxification and excretion of toxic substances. Also, the thioredoxin/thioredoxin reductase system also serves a similar function by providing reducing potential for different biochemical reactions [@bib21; @bib22]. Moreover, several other antioxidant enzymes directly detoxify ROS in order to prevent cellular damage. For example, superoxide dismutases (SODs) react with superoxide anion radicals to form oxygen and H~2~O~2~ [@bib23], while catalase together with various peroxidases such as glutathione peroxidases (GPXs) convert peroxides to water [@bib24; @bib25]. Additionally, oxidative stress is primarily responsible for the regulation of the expression of the genes encoding antioxidant enzymes [@bib26].

Recently, our research team reported the involvement of oxidative stress in VCH-induced toxicity in *Drosophila melanogaster* [@bib3]. However, in the previous study [@bib3], it was not possible to determine the individual contributions of VCM and VCD in VCH toxicity. Since the metabolism of VCH results in the formation of reactive electrophilic epoxides VCM and VCD, we hypothesize that VCM and VCD are potentially more reactive and toxic than the parent compound-VCH. Of note, the mechanisms of toxicity of VCM and VCD are still unravelled, though VCD has been reported to change apoptotic signalling [@bib27; @bib28; @bib29], MAPK/AP-1 signalling [@bib30], and KIT/KIT ligand signalling [@bib31; @bib32; @bib33]. Oxidative stress has been identified as a possible mechanism underlying VCD-induced toxicity; however, this was not fully elucidated and depletion of GSH levels was reported in the liver and ovary of rats exposed to VCD [@bib34; @bib35]. Thus, here we have sought to elucidate the mechanisms of VCM and VCD toxicity using *D. melanogaster* as a model for the first time. Specifically, we determined the impact of exposure of flies to VCM as well as VCD using different endpoints of toxicity, including quantification of mortality, and the activity or expression of electrophile sensitive enzymes and genes. The study was extended to examine the neurobehavioral effect of VCM and VCD on the flies.

Materials and methods {#s0010}
=====================

Chemicals {#s0015}
---------

All chemicals used were of analytical grade. The 4-vinylcyclohexene 1,2-monoepoxide (VCM), 4-vinylcyclohexene diepoxide (VCD), 2′,7′-dichlorofluorescein diacetate (DCFH-DA), 1-chloro-2,4-dinitrobenzene, 5,5′-dithiobis(2-nitro-benzoic acid) (DTNB) and acetylthiocholine iodide were purchased from Sigma Aldrich (St Louis, MO).

Fly strains {#s0020}
-----------

*D. melanogaster* Harwich strain was obtained from the National Species Stock Center, Bowling Green, OH, USA, and maintained at constant temperature and humidity (23±1 °C; 60% relative humidity, respectively) under 12 h dark/light cycle. We used standard *Drosophila* medium composed of cornmeal medium (1% w/v), brewer\'s yeast (2% w/v), sucrose (1% w/v), powdered milk (1% w/v), agar and nipagin (0.08% w/v). The maximum average lifespan of flies used here (*D. melanogaster*, Harwich strain) is about 50--58 days, and about 50% of the flies generally die within 41--45 days. However, this can vary depending on a variety of factors such as diet composition and temperature [@bib36].

Survival curve after VCM exposure {#s0025}
---------------------------------

In three independent experiments, 30 flies of both genders (1--3 days old) were exposed to various respective concentrations of VCM and VCD (10, 100 µM, 1 and 10 mM; prepared in 98% ethanol) in three replicates for 28 days as previously described [@bib3]. The number of live and dead flies were scored daily till the end of the experiment and the survival rate was expressed as percentage of live flies. Based on the survival curves of flies exposed to VCM and VCD ([Fig. 1](#f0005){ref-type="fig"}), we decided to expose the flies to 10, 100 µM and 1 mM of VCM or VCD for 5 days in order to detect early molecular and behavioural signs of toxicity associated with VCM or VCD exposure ([Scheme 2](#f0050){ref-type="fig"}). The 5 days survival rate was also determined.

Negative geotaxis assay {#s0030}
-----------------------

The locomotor (Climbing) performance of VCM- and VCD-exposed and control flies were investigated using the negative geotaxis assay [@bib37]. Briefly, ten (10) VCM- or VCD-exposed and control flies were immobilized under mild ice anaesthesia and placed separately in labelled vertical glass columns (length, 15 cm; diameter, 1.5 cm). After the recovery period (about 20 min), the flies were gently tapped to the bottom of the column. Following 6 s, the number of flies that climbed up to the 6 cm mark of the column, as well as those that remained below this mark were recorded. Data were expressed as the percentage of flies that escaped beyond the 6 cm mark in 6 s. The score of each group was an average of three trials for each group of treated and control flies.

The isolation of RNA and analysis of mRNA levels by quantitative real-time RT-PCR {#s0035}
---------------------------------------------------------------------------------

Total RNA (about 2 µg) from 25 flies of VCM- or VCD-treated and control groups were extracted using Trizol® Reagent (Invitrogen®) following the manufacturer\'s protocol as previously described [@bib3]. The primers sequences used for this study (SOD1, catalase, Keap-1, MAPK-2, TrxR-1, JAFRAC 1 and Cyp18a1, [Table 1](#t0005){ref-type="table"}) were based on published sequences in GenBank Overview (<http://www.ncbi.nlm.nih.gov/genbank/>). They were designed using Primer3 program version 0.4.0 (<http://frodo.wi.mit.edu/primer3/>) and custom made by Invitrogen®. After treatment of the total RNA with DNase I (Invitrogen®), cDNA was synthesized with M-MLV reverse transcriptase enzyme and random primers by following the manufacturer\'s protocol (Invitrogen®), and stored at −20 °C till further use. Thereafter, qPCR was performed in 20 µL reaction volumes consisting of 1 µL RT product (cDNAs) as template, 1× PCR Buffer, 25 µM dNTPs, 0.2 µM of each primer ([Table 1](#t0005){ref-type="table"}), 1.5--2.5 mM MgCl~2~, 0.1× SYBR Green I (molecular probes®) and 1 U Taq DNA polymerase (Invitrogen®). Next, thermal cycle was performed using StepOne Plus real time PCR systems (Applied Biosystems, NY) which involves, activation of the Taq DNA polymerase at 95 °C for 5 min, 40 cycles of 15 s at 95 °C, 15 s at 60 °C, and 25 s at 72 °C. After this, we determined the threshold and baselines using the StepOne Software v2.0 (Applied Biosystems, NY). This was followed by the analysis of SYBR fluorescence using StepOne software version 2.0 (Applied Biosystems, NY). Then, we calculated and recorded the CT (cycle threshold) value for each sample using 2^-ΔΔCT^ [@bib38]. Lastly, we analysed and obtained ΔCT value by subtracting the endogenous reference genes Tubulin and GPDH CT values from the CT value of each of the genes of interest.

Sample preparation for biochemical assays {#s0040}
-----------------------------------------

At the end of the exposure period (5 days), the flies (50) from each group of control and VCM- or VCD-treated flies were anaesthetized in ice, weighed, and homogenized in 0.1 M phosphate buffer, pH 7.0 (1 mg: 10 µL), and centrifuged for 10 min at 4000*g* (temperature, 4 °C). The supernatants obtained were used to determine the activities of catalase (CAT), Glutathione-S-transferase (GST) and acetylcholinesterase (AChE), and total thiol content. The assays were performed in duplicates for each of the three replicates of VCM or VCD concentrations and control in three independent experiments.

Measurement of DCFH oxidation {#s0045}
-----------------------------

2′,7′-Dichlorofluorescein (DCFH) oxidation was measured as an index of oxidative stress according to the method of Perez-Severiano et al. [@bib39]. Five microlitres (5 µL, 1:10 dilution) of each supernatant from VCM- and VCD-treated and control flies, 150 µL of 0.1 M potassium phosphate buffer (pH 7.4) and 40 µL of distilled water were transferred into a 96-well plate. After adding 5 µL of 200 µM DCFH-DA (final concentration of 5 µM) to the samples, the fluorescence product of DCFH oxidation (i.e. DCF), was measured for 10 min (30 s intervals), using SpectraMax plate reader (Molecular Devices, USA) with excitation 488 and 525 nm emission. All experiments were monitored in duplicate for each of the three replicates of VCM- or VCD-treated and control flies. The rate of DCF formation was expressed in percentage of the control group.

Total thiol determination {#s0050}
-------------------------

Total thiol content was determined using the method of Ellman [@bib40]. The reaction mixture contained 170 µL potassium phosphate buffer (0.1 M, PH 7.4), 20 µL of sample as well as 10 µL of DTNB (10 mM). After incubation for 30 min at room temperature, the absorbance was measured at 412 nm and used to calculate the sample total thiol levels (in µmol/mg protein) using GSH as standard.

Glutathione-S-transferase (GST) activity {#s0055}
----------------------------------------

The activity of glutathione-S-transferase (GST; EC 2.5.1.18) was determined by the method of Habig and Jacoby [@bib41] using 1-chloro-2,4-dinitrobenzene (CDNB) as substrate. The assay reaction mixture contained 270 µL of solution A (20 mL of 0.25 M potassium phosphate buffer, pH 7.0 with 2.5 mM EDTA, 10.5 mL of distilled water and 500 µL of 0.1 M GSH at 25 °C), 20 µL of sample (1:5 dilution) and 10 µL of 25 mM CDNB. An increase in absorbance was measured at 340 nm for 5 min at 10 s interval using SpectraMax plate reader (Molecular Devices, USA). The data were expressed in mmol/min/mg of protein using the molar extinction coefficient (*ε*) of 9.6 mM^−1^ cm^−1^ for the coloured GS--DNB conjugate formed by GST.

Catalase (CAT) activity {#s0060}
-----------------------

The measurement of catalase (CAT; EC 1.11.1.6) activity was followed by a procedure described by Aebi [@bib42]. The reaction mixture containing 1.8 mL of potassium phosphate buffer, pH 7.0, 180 µL of 300 mM H~2~O~2~, and 20 µL of sample (1:50 dilution) was carried out by monitoring the clearance of H~2~O~2~ at 240 nm at 25 °C. The decrease in H~2~O~2~ was monitored for 2 min (10 s intervals), at 240 nm using a UV--visible spectrophotometer (Shimadzu) and expressed as µmol of H~2~O~2~ consumed/min/mg of protein.

Acetylcholinesterase (AChE) activity {#s0065}
------------------------------------

AChE activity was determined by the method described by Ellman et al. [@bib43]. To the reaction mixture containing 135 µL of distilled water, 20 µL of 100 mM potassium phosphate buffer (pH 7.4), 10 mM DTNB, and 5 µL of sample, 20 µL of 8 mM acetylthiocholine was added. The change in absorbance was monitored at 412 nm for 5 min at 15 s intervals, using a SpectraMax plate reader (Molecular Devices, USA). The data were calculated against blank, and sample blank and the results were corrected by the protein content. The enzyme activity was expressed as µmole/min/mg of protein.

The determination of delta aminolevulinic acid dehydratase (δ-ALA-D) activity {#s0070}
-----------------------------------------------------------------------------

The δ-ALA-D activity was determined by the modified method of Sassa [@bib44], by measuring the rate of formation of porphobilinogen. Eighty (80) flies/vial were treated with VCM or VCD (10, 100 µM and 1 mM) for 5 days as described above. Consequently, the flies were anaesthetized using ice, weighed and homogenized in Tris--HCl buffer (5 mM, pH 8.5, 1 g of flies: 3 mL of buffer). The homogenates were centrifuged at 4000 rpm for 10 min at 4 °C to obtain supernatant fractions used to determine the activity of δ-ALA-D. The reaction mixture containing 10 µL of Tris--Glycine (0.5 M, pH 8.5), distilled water (7 µL), sample (25 µL) and 8 µL of 5-aminolevulinic acid hydrochloride (31.25 mM) was incubated for 3 h at 37 °C. Thereafter, 100 µL of TCA (10%) containing CuSO~4~ (20 mM) was added to each of the reaction mixtures, and centrifuged at 5000 rpm for 10 min. Subsequently, 100 µL of each of the supernatants obtained was added to 100 µL of Erlich reagent and incubated for 30 min at room temperature. Then, the absorbance was measured at 555 nm in a SpectraMax plate reader (Molecular Devices, USA) and the data were expressed as percentage activity of the control. Each assay was carried out in duplicates of the three replicate of the respective concentrations of VCM or VCD in three independent experiments.

Determination of protein {#s0075}
------------------------

Protein concentrations in the whole fly homogenates were determined as described by Lowry et al. [@bib45] using bovine serum albumin as the standard.

Statistical analysis {#s0080}
--------------------

The data are expressed as mean±SEM (standard error of mean), and the statistical analysis was carried out using one-way analysis of variance (ANOVA) followed by Turkey\'s post-hoc test. The results were considered statistically significant at *p*\<0.05.

Results {#s0085}
=======

VCM and VCD reduced survival rates and impaired climbing behaviour of *D. melanogaster* {#s0090}
---------------------------------------------------------------------------------------

VCM and VCD reduced survival rates of the flies ([Fig. 1](#f0005){ref-type="fig"}A and B) along the 28 days of survival assay. However, the concentrations of 10, 100 and 1000 µM of VCM or VCD did not decrease survival rates after the 5 days of treatment ([Fig. 2](#f0010){ref-type="fig"}A and B). To investigate the neurobehavioral effects of VCM or VCD in the exposed flies, we determined the climbing activity of *D. melanogaster* after 5 days of exposure. As shown in [Fig. 2](#f0010){ref-type="fig"}C and D exposure to VCM or VCD (10 µM--1 mM) significantly decreased climbing/locomotor behaviour when compared with the control flies (*p*\<0.05).

VCM and VCD enhanced reactive oxygen and nitrogen species (RONS) generation after 5 days of exposure in *D. melanogaster* {#s0095}
-------------------------------------------------------------------------------------------------------------------------

To ascertain if VCM and VCD could induce RONS production, DCFH oxidation was measured as an index of oxidative stress in the homogenates of flies following VCM or VCD exposure. VCM or VCD (10 µM--1 mM) caused significant increase in DCFH oxidation when compared with the control flies (*p*\<0.05, [Fig. 3](#f0015){ref-type="fig"}A and B).

Changes in antioxidant enzymes and total thiol content of *D. melanogaster* after 5 days of exposure to VCM and VCD {#s0100}
-------------------------------------------------------------------------------------------------------------------

To examine whether the increased RONS generation measured by the DCFH oxidation is associated with decreased activities of antioxidant enzymes and total thiol content, we investigated the activities of catalase (CAT) and glutathione-S-transferase (GST), as well as total thiols content. VCM exposure significantly increased CAT activity at all the concentrations tested (*p*\<0.05; [Fig. 4](#f0020){ref-type="fig"}A), while VCD increased CAT activity at 10 and 100 µM concentrations when compared to control (*p*\<0.05; [Fig. 4](#f0020){ref-type="fig"}B). A statistically significant depletion in total thiol content was observed in the flies exposed to 10 µM and 1 mM VCM for 5 days (*p*\<0.05; [Fig. 4](#f0020){ref-type="fig"}C), while VCD decreased total thiol content at all the tested concentrations compared with the control (*p*\<0.05; [Fig. 4](#f0020){ref-type="fig"}D). Exposure of flies to VCM (10 and 100 µM) resulted in significant decrease in GST activity (*p*\<0.05; [Fig. 4](#f0020){ref-type="fig"}E) while VCD exposure decreased GST activity in all the tested concentrations, when compared with the control group (*p*\<0.05; [Fig. 4](#f0020){ref-type="fig"}F).

Effects of VCM or VCD exposure on superoxide dismutase (SOD1) and catalase (CAT) mRNA expressions in *D. melanogaster* {#s0105}
----------------------------------------------------------------------------------------------------------------------

The qRT-PCR assays on SOD1 indicated that flies exposed to VCM (10 µM) and VCD (10 and 100 µM) exhibited significant increase in SOD1 mRNA level after 5 days of exposure as compared with the control (*p*\<0.05; [Fig. 5](#f0025){ref-type="fig"}A and B). In contrast, VCM (10, 100 and 1000 µM) and VCD (10 µM) significantly decreased CAT mRNA levels in the treated flies in comparison with the control (*p*\<0.05; [Fig. 5](#f0025){ref-type="fig"}C and D).

VCM and VCD induced changes in Keap-1 and MAPK-2 mRNA gene expressions in *D. melanogaster* after 5 days of exposure {#s0110}
--------------------------------------------------------------------------------------------------------------------

Exposure of flies for 5 days to 10 and 100 µM of VCM decreased Keap-1 mRNA levels (*p*\<0.05; [Fig. 6](#f0030){ref-type="fig"}A). In contrast, exposure to 100 and 1000 µM of VCD enhanced the expression of Keap-1 mRNA compared with the control (*p*\<0.05; [Fig. 6](#f0030){ref-type="fig"}B). Additionally, while only the highest concentration of VCM (1 mM) increased MAPK-2 mRNA levels, all the concentrations of VCD (10, 100 and 1000 µM) increased MAPK-2 mRNA levels ([Fig. 6](#f0030){ref-type="fig"}C and D), when compared with the control group (*p*\<0.05).

VCM and VCD altered Cyp18a1, JAFRAC 1 and TrxR-1 mRNA gene expressions in *D. melanogaster* after 5 days of exposure {#s0115}
--------------------------------------------------------------------------------------------------------------------

After the 5 days of treatment, VCM significantly decreased the expressions of the mRNA levels of Cyp18a1 ([Fig. 7](#f0035){ref-type="fig"}A) and JAFRAC 1 ([Fig. 7](#f0035){ref-type="fig"}C) in all the tested concentrations, while TrxR-1 mRNA levels ([Fig. 7](#f0035){ref-type="fig"}E) were significantly reduced in the flies exposed to the 10 µM VCM concentration (*p*\<0.05). We noted that VCD (10 and 1000 µM) significantly decreased the expressions of the mRNA levels of Cyp18a1 ([Fig. 7](#f0035){ref-type="fig"}B) and TrxR-1 ([Fig. 7](#f0035){ref-type="fig"}F). In contrast, exposure to 100 and 1000 µM of VCD increased the expressions of JAFRAC 1 mRNA levels in comparison with the control group (*p*\<0.05; [Fig. 7](#f0035){ref-type="fig"}D).

VCM and VCD inhibited AChE and δ-ALA-D activities after 5 days of exposure in *D. melanogaster* {#s0120}
-----------------------------------------------------------------------------------------------

We observed that VCM (10 and 1000 µM) and VCD (10, 100 and 1000 µM) significantly inhibited AChE activity following 5 days of exposure, ([Fig. 8](#f0040){ref-type="fig"}A and B, *p*\<0.05). In addition, VCM and VCD caused significant inhibition of δ-ALA-D activity in all the tested concentrations (*p*\<0.05; [Fig. 8](#f0040){ref-type="fig"}C and D).

Discussion {#s0125}
==========

Exposure to environmental toxicants can generate reactive oxygen and nitrogen species (RONS), and cause oxidative damage to cellular components [@bib46]. For instance, in the human reproductive tissues, environmental toxicants may deplete follicles at all stages of development in females [@bib47], or alter gene expression that is pertinent to spermatogenesis in males [@bib48]. In the present investigation, the mechanisms of toxicity of the downstream metabolites of 4-vinylcyclohexene (VCH), i.e. 4-vinylcyclohexene 1,2-monoepoxide (VCM) and 4-vinylcyclohexene diepoxide were investigated in *D. melanogaster*. The results indicated that exposure to VCM as well as VCD induced RONS-mediated disruption of antioxidant balance in the flies.

Although, ROS are important in several biochemical processes, their overproduction can induce oxidative damage to cellular biomolecules such as DNA, carbohydrates, lipids and proteins [@bib49]. Similar to our previous study with VCH [@bib3], 5 days of VCM or VCD exposure induced overproduction of RONS. Accordingly, we observed increased CAT activity and SOD1 mRNA gene expression in VCM- and VCD-exposed flies. The increased CAT activity may be an adaptive response to degrade hydrogen peroxide overproduced in the fly's tissues (here evidenced by an increase in DCFH-oxidation). In contrast to CAT activity, the mRNA level of catalase decreased after exposure to VCM as well as VCD. The discrepancies between activity and mRNA can be related to changes in posttranscriptional processing of catalase gene products. In our previous study involving VCH, we found an increase in CAT activity without any change in CAT mRNA level [@bib3]. This suggests that the response of the flies to VCH and its metabolites, VCM and VCD is not exactly the same.

In addition, we sought to understand the response of the flies to VCM or VCD exposure with respect to the transcription of other genes such as kelch-like erythroid-derived cap-n-collar (CNC) homology (ECH)-associated protein 1 (Keap-1), mitogen-activated protein kinase 2 (MAPK-2), Cyp18a1, JAFRAC 1 and TrxR-1. We noted that VCM and VCD increased MAPK-2 and decreased Cyp18a1 and TrxR-1 transcription. In addition, VCM and VCD had different effects on the transcription of Keap-1 and JAFRAC 1 genes. While VCM reduced the levels of mRNA of Keap-1 and JAFRAC 1 genes, VCD enhanced their mRNA levels.

Keap-1, a cytosolic repressor of nuclear factor erythroid 2-related factor 2 (Nrf2), is a sensor of redox regulation. Importantly, the *Drosophila* cap′n'collar C (CncC), the counterpart of Nrf2 [@bib50], and Keap-1 proteins, regulate antioxidant response elements (ARE)-mediated transcription, and they are crucial for cellular defence against oxidative stress. Of note, when Keap-1 senses disturbance in the redox homoeostasis, it switches Nrf2 on or off. As a result of this, Keap-1 protein undergoes a conformational change which leads to Nrf2 liberation and migration to the nucleus, where it promotes the transcription of antioxidant genes [@bib51]. In a study by Jung and Kwak [@bib52], Keap1-knockdown HT29 cells exhibited enhanced levels of Nrf2 and its target gene expressions, which conferred greater resistance to hydrogen peroxide and 4-hydroxynonenal insults than the control cells. Thus, flies treated with VCM may be more resistant to oxidative stress compared with VCD-treated flies, due to the reduced expression of Keap-1 transcription in VCM-exposed flies. Possibly, the net impact of VCM and VCD on Keap-1 was what we noted in our previous study in which VCH, the parent compound, enhanced the transcription of Keap-1 [@bib3; @bib53].

MAPKs are proapoptotic signalling molecules activated via phosphorylation by MAPK kinases (MAPKKs). Thus, the up-regulation of MAPK-2 gene, as reported here, may be connected with VCM -- as well as VCD-induced toxicity, since MAPK-2 has been shown to be induced by ROS accumulation [@bib54].

In order to understand the possible roles of VCM and VCD on flies development, we investigated the expression of Cyp18a1 gene that encodes a cytochrome P450 enzyme (CYP18A1) with 26-hydroxylase activity, a prominent step in *Drosophila* ecdysteroid catabolism. The ecdysteroids are steroids hormones that play fundamental roles in the metamorphosis of *D. melanogaster* [@bib55; @bib56]. Thus, the reduced expression of Cyp18a1 transcription, due to VCM or VCD exposure, may impair the fly's developmental stages. For instance, Guittard et al. [@bib57] have demonstrated that knockdown of Cyp18a1 gene expression led to the inactivation of CYP18A1 in *Drosophila*, which resulted in pupal lethality. The observation that VCM and VCD changed Cyp18a1 mRNA expression indicates that VCM and VCD may represent potential disruptors of the normal development of *D. melanogaster*.

In view of the lethality caused to the flies after 28 days of exposure to VCM or VCD, as well as the accumulation of RONS after 5 days of treatment, we sought to understand the impact of VCM and VCD on JAFRAC 1 (thioredoxin peroxidase 1), which is believed to extend longevity and promote resistance to oxidative stress in flies. Indeed, JAFRAC 1 is the fly homologue of human peroxiredoxin II (Prx II), regulated by JNK/FOXO signalling [@bib58]. Thus, the VCM-induced reduction of the mRNA gene expression of JAFRAC 1, indicates another potential molecular mechanism involved in VCM-induced toxicity, which is different from VCD-induced induction of JAFRAC 1 gene, which in this case, may represent an adaptive response of the flies to VCD insult alone. This further indicates that VCM and VCD impacts on the flies are not exactly similar.

Further, because the thioredoxin system is responsible for the reduction of glutathione disulphide in *D. melanogaster* due to the absence of glutathione reductase [@bib59], we sought to understand the impact of VCM and VCD on the transcription of thioredoxin reductase 1 (TrxR-1) gene in the flies. The TrxRs possess a rather broad substrate spectrum due to the presence of additional redox centre on the flexible --COOH terminal extension of the protein [@bib60]. TrxR-1 is vital in maintaining the antioxidant capacity of the system via the transfer of reducing equivalents from NADPH to thioredoxin (Trx), which in turn reduces other proteins such as Trx peroxidase [@bib61]. Here, VCM and VCD decreased the transcription of TrxR-1 gene, which might have contributed to the disruption in the antioxidant capacity of the flies. At least in part, this can help in explaining the overproduction of RONS as noted here. Since reduced transcription does not always imply reduced activity of the corresponding enzyme, one limitation of the present study is the fact that we did not investigate the activity of TrxR-1. However, the enhanced oxidation of DCFH supports the notion that VCM and VCD induced overproduction of RONS, and overwhelmed the antioxidant buffering capacity of the flies. Another limitation of the present investigation is that we did not perform the immunodetection of the proteins due to limitation in the available techniques with respect to *D. melanogaster*.

We also evaluated the effects of exposure to VCM and VCD on total GST activity and total thiols content in flies. GST is an enzyme involved in conjugation reactions during phase II xenobiotic metabolism. It catalyses the reactions between reduced glutathione (GSH) and a variety of potentially toxic electrophilic compounds [@bib62; @bib63]. This helps to protect the cell against free radicals [@bib64]. Similarly, total thiols (protein and non-protein thiols), are important targets of RONS and useful biochemical indicators of oxidative stress [@bib65]. Membranes are also susceptible to free radicals resulting in lipid peroxidation and decreased concentration of --SH groups in membrane proteins [@bib66]. In the present study, the activity of GST and the levels of total --SH groups were significantly reduced following 5 days of exposure to VCM and VCD. These observations could be due to increased free radicals/RONS and reactive products of lipid peroxidation produced under our experimental conditions. Of note, in our previous study, VCH failed to alter the level of total thiols after 5 days of exposure in flies [@bib3], indicating that exposure to the more reactive epoxides (VCM and VCD) were more damaging to thiols than the parent compound (VCH).

Further, we sought to know if VCM and VCD could affect the behaviour of the flies by assessing the climbing activity and the acetylcholinesterase (AChE) activity in the flies. We noticed significant reductions in the climbing rates of VCM- and VCD-exposed flies, which was associated with the inhibition of AChE activity. The work of Sharma et al. [@bib67] indicated a positive correlation between inhibition of AChE activity and climbing/locomotor activity in flies. Our results further suggest that AChE activity determination is a sensitive marker of neurotoxicity, since inhibition of its activity can be an indicator of poor locomotor activity [@bib68] and general toxicity [@bib69].

Since some studies have reported that δ-aminolevulinic acid dehydratase (δ-ALA-D) can be sensitive to pro-oxidants, and that its activity can be decreased in situations associated with oxidative stress [@bib70], we investigated the effects of VCM and VCD on its activity. The δ-ALA-D is an enzyme essential for all aerobic organisms because it catalyses the asymmetric condensation of two molecules of 5-aminolevulinate to produce porphobilinogen, a precursor of porphyrins [@bib71]. Similar to our observation with VCH, VCM and VCD significantly inhibited δ-ALA-D activity after 5 days of exposure. The inhibition of δ-ALA-D can exacerbate the over-generation of free radicals (which may account for VCM and VCD toxicity) via an accumulation of aminolevulinic acid (ALA), a pro-oxidant [@bib72], and therefore further contribute to oxidative stress induced by VCM and VCD. Since *D. melanogaster* δ-ALA-D contains essential sulfhydryl (--SH) groups in its structure, another explanation for δ-ALA-D inhibition can be the oxidation of these residues, leading to enzyme inactivation [@bib73].

In summary, the results presented here evidenced some of the mechanisms associated with VCM -- as well as VCD-induced toxicity in *D. melanogaster*. The contributions of the induction of RONS/Free radicals, as well as disruptions in the antioxidant and redox balance, followed by the inhibition of the transcription of important genes such as TrxR-1 and Cyp18a1, are part of these mechanisms ([Scheme 3](#f0055){ref-type="fig"}). Also, VCM- and VCD-induced neurotoxicity in the flies was indicated by AChE inhibition. Taken together, these results elucidate important features of the electrophilic metabolites of VCH, i.e. VCM and VCD, thus contributing to a better understanding of the mechanisms involved in the toxicity of VCH, using *D. melanogaster* as a model. Hence, in view of some similarities in the mechanisms of toxicity of VCH and its metabolites, VCM and VCD, we can confirm that the toxicity of VCH may be mediated by its transformation to VCM and VCD.
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![VCM and VCD reduced survival rates of *Drosophila melanogaster*. (A) 28 days survival of flies treated with VCM and (B) 28 days survival of flies treated with VCD. Data are presented as mean±SEM of three independent biological replicates carried out in duplicates. Each assay was carried out in three independent experiments. ^\*^*p*\<0.05 vs control.](gr1){#f0005}

![VCM and VCD did not alter survival of *D. melanogaster*, but impaired climbing behaviour after 5 days of exposure. (A) Five days survival rate and (C) negative geotaxis (climbing rate) of flies treated with VCM; (B) 5 days survival rate and (D) negative geotaxis (climbing rate) of flies treated with VCD. Data are presented as mean±SEM of three independent biological replicates carried out in duplicates. Each assay was carried out in three independent experiments. ^\*^*p*\<0.05 vs control.](gr2){#f0010}

![VCM and VCD enhanced RONS generations after 5 days of exposure in *Drosophila melanogaster*. (A) RONS levels after treatment of flies with VCM for 5 days; (B) RONS levels after treatment of flies with VCD for 5 days. Data are presented as mean±SEM of three independent biological replicates carried out in duplicates. Each assay was carried out in three independent experiments. ^\*^*p*\<0.05 vs control.](gr3){#f0015}

![Changes in antioxidant enzymes activities and total thiol content of *D. melanogaster* after 5 days of exposure to VCM and VCD. (A) Catalase activity, (C) Total thiols content and (E) GST activity of flies treated with VCM for 5 days; (B) catalase activity, (D) Total thiols content and (F) GST activity of flies treated with VCD for 5 days. Data are presented as mean±SEM of three independent biological replicates carried out in duplicate. ^\*^*p*\<0.05 vs control. Each assay was carried out in three independent experiments.](gr4){#f0020}

![Quantitative real time RT-PCR (qRT-PCR) analyses of SOD1 and CAT gene expressions in *D. melanogaster* exposed to VCM and VCD for 5 days. (A) SOD1 and (C) cat mRNA levels of flies treated with VCM for 5 days; (B) SOD1 and (D) CAT mRNA levels of flies treated with VCD for 5 days. Data are presented as mean±SEM of three independent biological replicates carried out in quadruplicates. Each assay was carried out in three independent experiments. ^\*^*p*\<0.05 vs control.](gr5){#f0025}

![Quantitative real time RT-PCR (qRT-PCR) analyses of Keap-1 and MAPK-2 mRNA gene expressions of *D. melanogaster* after 5 days of exposure to VCM and VCD. (A) Keap-1 and (C) MAPK-2 mRNA levels of flies exposed to VCM for 5 days; (B) Keap-1 and (D) MAPK-2 mRNA levels of flies exposed to VCD for 5 days. Data are presented as mean±SEM of three independent biological replicates carried out in quadruplicates. Each assay was carried out in three independent experiments. ^\*^*p*\<0.05 vs control.](gr6){#f0030}

![Quantitative real time RT-PCR (qRT-PCR) analyses of Cyp18a1, JAFRAC 1 and TrxR-1 mRNA gene expressions of *D. melanogaster* after 5 days of exposure to VCM and VCD. (A) Cyp18a1, (C) JAFRAC 1 and (E) TrxR-1 mRNA levels of flies treated with VCM for 5 days; (B) Cyp18a1, (D) JAFRAC 1 and (F) TrxR-1 mRNA levels of flies treated with VCD for 5 days. Data are presented as mean±SEM of three independent biological replicates carried out in quadruplicates. Each assay was carried out in three independent experiments. ^\*^*p*\<0.05 vs control.](gr7){#f0035}

![VCM and VCD inhibited AChE and δ-ALA-D activities after 5 days of exposure to *Drosophila melanogaster*. (A) AChE and (C) δ-ALA-D activities of flies exposed to VCM for 5 days; (B) AChE and (D) δ-ALA-D activities of flies exposed to VCD for 5 days. Data are presented as mean±SEM of three independent biological replicates carried out in duplicates. Each assay was carried out in three independent experiments. ^\*^*p*\<0.05 vs control.](gr8){#f0040}

![Metabolism of 4-vinyvlcyclohexene 1,2-monoepoxide (VCM) and 4-vinyvlcyclohexene diepoxide (VCD) in tissues (e.g. liver). VCD: 4-vinylcyclohexene diepoxide; mEH: microsomal epoxide hydrolase; GST: glutathione-S-transferase.](sc1){#f0045}

![Summary of Experimental Design.](sc2){#f0050}

![Summary of the mechanisms of 4-vinylcyclohexene 1,2-monoepoxide (VCM)- and 4-vinyvlcyclohexene diepoxide (VCD)-induced toxicity in *Drosophila melanogaster*.](sc3){#f0055}

###### 

Sequences of qPCR primers.

                   Primer sequence
  ---------------- ----------------------------
  SOD1 LEFT        5′-GGAGTCGGTGATGTTGACCT-3′
  SOD1 RIGHT       5′-GTTCGGTGACAACACCAATG-3′
  CATALASE LEFT    5′-ACCAGGGCATCAAGAATCTG-3′
  CATALASE RIGHT   5′-AACTTCTTGGCCTGCTCGTA-3′
  TrxR-1 LEFT      5′-CGTTCTATTGTGCTGCGTGG-3′
  TrxR-1 RIGHT     5′-AGCTTGCCATCATCCTGCTT-3′
  Cyp18a1 LEFT     5′-TCTTGTTCTTGGCCGTCGAG-3′
  Cyp18a1 RIGHT    5′-AGCAATGTGATCTGCAGCCT-3′
  JAFRAC 1 LEFT    5′-TGGATCAACACGCCAAGGAA-3′
  JAFRAC 1 RIGHT   5′-GGATGCCAGTCTCCTCATCG-3′
  MAPK-2 LEFT      5′-GGCCACATAGCCTGTCATCT-3′
  MAPK-2 RIGHT     5′-ACCAGATACTCCGTGGCTTG-3′
  KEAP-1 LEFT      5′-CCAACTTCCTCAAGGAGCAG-3′
  KEAP-1 RIGHT     5′-CGGCGACAAATATCATCCTT-3′
  GPDH LEFT        5′-ATGGAGATGATTCGCTTCGT-3′
  GPDH RIGHT       5′-GCTCCTCAATGGTTTTTCCA-3′
  TUBULIN LEFT     5′-ACCAATGCAAGAAAGCCTTG-3′
  TUBULIN RIGHT    5′-ATCCCCAACAACGTGAAGAC-3′
